Up to 15% of acute myeloid leukemias (AMLs) are characterized by the abnormal expression of the eight-twenty-one (ETO) transcriptional corepressor within an AML1-ETO fusion protein. The t(8;21) chromosomal translocation serves not only to disrupt WT AML1 function but also to introduce ETO activity during hematopoiesis. AML1-ETO was recently shown to inhibit E protein transactivation by physically displacing WT coactivator proteins in an interaction mediated by ETO. Here, we present the 3D solution structure of the human ETO TAFH (eTAFH) domain implicated in AML1-ETO:E protein interactions and report an unexpected fold similarity to paired amphipathic helix domains from the transcriptional corepressor Sin3. We identify and characterize a conserved surface on eTAFH that is essential for ETO:E protein recognition and show that the mutation of key conserved residues at this site alleviates ETObased silencing of E protein transactivation. Our results address uncharacterized aspects of the corepression mechanism of ETO and suggest that eTAFH may serve to recruit ETO (or AML1-ETO) to DNA-bound transcription factors. Together, these findings imply that a cofactor exchange mechanism, analogous to that described for E protein inhibition, may represent a common mode of action for ETO.
corepressor ͉ NMR ͉ protein structure ͉ sin3 C ore binding factor (CBF) is an essential hematopoietic transcriptional regulator that is frequently mutated in acute myeloid leukemias (AMLs) (1, 2) . In up to 15% of AML cases, a translocation between chromosomes 8 and 21 replaces a portion of the gene encoding the CBF subunit AML1 with a gene specifying an unrelated corepressor protein, eight-twenty-one (ETO) (3, 4) . The subsequent fusion protein, AML1-ETO, contains the DNA-binding domain from AML1 fused to most of ETO. Expression of this chimeric protein and the consequent disruption of WT AML1 function are key events in the production of an AML phenotype (5) . In WT cells CBF regulates chromatin remodeling of target genes by recruiting coactivators and histone acetyl transferases (6) . In t(8;21) cells, the AML1-ETO fusion still binds CBF target DNA sequences through the AML1 DNA-binding domain; however, the ETO fusion partner functionally dominates by recruiting proteins involved in chromatin repression (e.g., corepressors and histone deacetylases) (1, 7) . The formation of a corepressor complex involving AML1-ETO serves to shut down gene expression of genes normally activated by CBF.
As an alternative or complementary mechanism involving distinct target genes, recent studies have shown that AML1-ETO can silence E protein transactivation (8) . E proteins comprise a family of widely expressed transcription factors involved in regulating cell growth, differentiation, and apoptosis (9-11). DNA-bound E proteins interact with the histone acetyl transferase p300͞CREB binding protein, leading to histone modifications that facilitate transcription initiation (8, 12) . However, AML1-ETO very strongly interacts with E proteins through an N-terminal activation domain (AD1), which not only prevents p300͞CREB binding protein-mediated transactivation but leads to active transcription repression through formation of a histone deacetylase-containing complex (8) . In this capacity ETO acts independently of CBF and functionally resembles corepressors like nuclear receptor corepressor (N-CoR), Sin3, and SilencingMediator for Retinoid͞Thyroid hormone receptors (SMRT). ETO contains four domains that exhibit homology to the Drosophila protein NERVY (3). The domain of ETO responsible for the interaction with E proteins has been classified as a member of a TATA box-binding protein-associated factor homology (TAFH) family (also called NERVY homology region 1). As only limited structural characterization of ETO has been reported, significant questions regarding the structurefunction relationship of this AML-implicated corepressor remain unanswered.
Here, we report the 3D structure of the ETO TAFH (eTAFH) domain of human ETO elucidated by solution NMR spectroscopy. The 3D structure shows the conformation of eTAFH when interacting with a 17-residue peptide derived from the Nterminal AD of the human E protein HeLa E-box-binding protein (HEB) (AD1 [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] ). We establish by a thorough mutational analysis that eTAFH is the critical domain involved in E protein silencing by ETO and further demonstrate that point mutations of key conserved residues abrogates this interaction.
Results
Solution Structure of eTAFH. Biophysical characterization of the hydrodynamic properties of human eTAFH (residues 90-192; GenBank accession no. AAP88873.1) revealed the unliganded domain has a tendency for oligomerization at elevated concentrations. The process of resonance assignment of apo-eTAFH was complicated by low signal-to-noise values and poor transfer of magnetization in 3D NMR experiments. With a 2 H, 13 C, 15 Nlabeled sample of apo-eTAFH it was possible to establish backbone (HN, N, C␣, and C␤) resonance assignments for 93 of 98 expected NH correlations (see Fig. 5 , which is published as supporting information on the PNAS web site). Empirical prediction of ⌽͞⌿ angles with TALOS (13) based on backbone chemical-shift values shows apo-eTAFH to contain four ␣-helical regions (see Fig. 6A , which is published as supporting information on the PNAS web site). The quality of additional 3D data was insufficient to permit a more thorough structural evaluation of apo-eTAFH.
A substantial improvement in linewidth and magnetization transfer was observed for spectra recorded of eTAFH in complex with unlabeled AD1 12-28 from the human E protein HEB (see Fig. 7 , which is published as supporting information on the PNAS web site). An eTAFH:AD1 12-28 complex was observed to elute as a single species by analytical size exclusion chromatography (data not shown). Titration of 15 N-labeled eTAFH with unlabeled AD1 [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] showed considerable perturbation of NH resonances (compare Figs. 5, 6D, and 7). The change in chemical shift exhibited a dependence on AD1 12-28 concentration up to 1:1 stoichiometry, indicative of an exchange regime on the fast-tointermediate NMR time scale and a midmicromolar dissociation constant. Backbone (98%) and side-chain (95% nonlabile 1 H; 93% aliphatic carbon) resonance assignments were duly collected by using standard protocols. The 3D structure of eTAFH was elucidated by using a combination of manual and automatic nuclear Overhauser effect (NOE) assignment procedures ( Table  1 , which is published as supporting information on the PNAS web site). The calculated 3D structure of eTAFH shows the conformation when interacting with HEB AD1 [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . The ensemble of the 20 lowest-energy NMR structures shows four well defined ␣-helical regions (␣1-␣4) arranged in an unusual lefthanded, up-and-down four-helix bundle topology ( Fig. 1a and b) . eTAFH contains a network of apolar amino acids (L100, V118, L121, F135, L139, L155, and L162) that form a well resolved hydrophobic core with contributions from residues on all four ␣-helices (see Fig. 8a , which is published as supporting information on the PNAS web site). Within this core the residues located on the internal faces of ␣2 and ␣3 exhibit the greatest precision in the NMR ensemble (see Fig. 6C ). Analysis of the local per-residue rms deviation values shows a decrease in the precision for the C-terminal residues beyond K174, suggesting that this region is unstructured and flexible. Given the flexibility of the C terminus, it appears that residues A90-K174 define a general TAFH fold.
Residues located in the ␣1͞␣2 and ␣3͞␣4 loops displayed noteworthy spectral properties. Resonances from amino acids situated in these loops generally suffered from lower signal-tonoise than the helical regions, most likely due to broadening by chemical exchange. On binding AD1 [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] there is an appreciable increase in signal-to-noise overall, which is pronounced for residues in ␣1͞␣2 and ␣3͞␣4 loops. A comparison of predicted ⌿ angles suggests little change in overall secondary structure for eTAFH on binding AD1 [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] (see Fig. 6 A and B). However, there are changes in the predicted backbone geometry of residues in the ␣1͞␣2 loop. The ␣3͞␣4 loop is well conserved across the TAFH family (see Fig. 8b ) and contains a high content of proline residues ( 144 NFPLRPFVIPF 154 ). In the structure of eTAFH the local rms deviation values for the ␣3͞␣4 loop are considerably greater than the structure regions of the domain (see Fig. 6C ). This reduction in precision is likely a reflection of the local decrease in signal-to-noise, which in turn reduced the number of observable NOEs and therefore structural constraints. These observations suggest some flexibility of the orientations of the front (␣1 and ␣4) and back (␣2 and ␣3) helical elements with respect to each other with ␣1͞␣2 and ␣3͞␣4 loops acting as hinge regions.
eTAFH Is Structurally Related to Sin3 Paired Amphiphatic Helix (PAH)
Domains. Submission of the structural coordinates of eTAFH to the DALI search engine (14) revealed significant similarities between the fold of eTAFH and the PAH domains found in mammalian Sin3 (mSin3) corepressors (DALI score ϭ 3.5) (15) (16) (17) . The PAH family comprises small independently folding domains that adopt a left-handed, up-and-down four-helix bundle fold comparable to that described here for eTAFH. This similarity between eTAFH and PAH2 was unexpected given the lack of apparent sequence homology across the two families. Superposition of the lowest-energy structures of eTAFH and mSin3A PAH2 in complex with a peptide derived from the Sin3 interaction domain (SID) of Mad1 (15) yielded a rms deviation between structured backbone atoms of 3.3 Å (Fig. 1C) . The agreement is particularly acute for ␣2 and ␣3 (rms deviation ϭ 1.5 Å; see Fig. 8c ), which form the mainstay of the hydrophobic core of eTAFH. Two notable differences between the fold families involve the extension in eTAFH of the loop connecting ␣3 and ␣4 and the trajectory of ␣4. In eTAFH ␣4 curves over the top of the fold, whereas in all currently known PAH structures ␣4 packs against ␣1 and ␣3, producing a more traditional and compact four-helix topology (15) (16) (17) (18) . The contrasting positions of ␣4 raises an intriguing question over the location of the E protein interaction site on eTAFH. A PAH-like ␣1͞␣2 binding surface is not feasible in eTAFH because of the presence of ␣4, suggesting differences between these two domain families at the level of target recognition. eTAFH Binds AD1 via an Interface Involving ␣1͞␣4. The location of the AD1-binding site of eTAFH was investigated by using NMR chemical-shift mapping. The backbone NH groups of residues K95, L96, T102, L103, R148, I152, F150, and F154 all registered larger than average chemical-shift changes on titration with unlabeled AD1 12-28 (see Fig. 8d ). These residues map clearly to an extended channel formed by ␣1, ␣4, and the proline-rich loop connecting ␣3 and ␣4 ( Figs. 2A and 6D ). The apolar nature of this channel (including residues F99, L100, L103, P149, F150, and F154) is consistent with the leucine-rich hydrophobic AD1 peptide and other examples of domains interacting with LxxLL peptide motifs (19) (20) (21) . A striking correlation is readily apparent between sites perturbed upon AD1 binding and the location of residues conserved across the TAFH family (Fig. 2) . F99, which undergoes the largest change in chemical shift on AD1 binding, and L103 from ␣1 are perfectly conserved across the domain family (see Fig. 8b ). In the ␣3͞␣4 loop, F154, which appears to form an aromatic patch with F99 (Figs. 2 and 8d) , is well conserved and is absent only from NERVY TAFH (see Fig. 8b ). The ␣2͞␣3 face is generally less well conserved compared with the AD1-binding surface. However, a hotspot of conservation is present on the ␣2͞␣3 face and comprises two glutamate residues from the conserved tripeptide 133 EEF 135 and a conserved lysine (K156). The magnitude of chemical-shift changes recorded for residues in this patch is considerably lower than for residues located in the ␣1͞␣4 channel. The evolutionary motivations behind the conservation of these solvent-exposed residues are currently unclear.
Characterization of the AD1 Binding Site on eTAFH. Residues with solvent-exposed side chains from ␣1 and ␣4 that are conserved or exhibited large chemical-shift perturbations were subjected to mutagenesis (see Fig. 8d ). The effect of each mutation on the transcriptional corepression activity of the isolated eTAFH domain was investigated in a HEB-based activation assay (Fig.  3a) . Mutations of two control residues located distal to the putative interaction site (R164A and L189A) had little effect on repression levels (Fig. 3a) . Several mutations on ␣1 also produced negligible effects on repression (e.g., R91D and T102A). However, mutations of many residues identified by chemicalshift mapping (K95, L96, F99, R148, and F154) reduced the ability of eTAFH to repress HEB-driven transactivation. Combined mutations at two positions (L96A;R148D and L96A;F154A) displayed an additive effect on transcriptional repression. Similar results were obtained with full-length ETO (Fig. 3b and C.G. and J.Z., unpublished observations), with the largest reduction in activity resulting from an F99͞F154 two-site mutation (Fig. 3b) . In pull-down assays using GST-HEB [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] fusions, mutations in eTAFH that suppress E protein silencing by ETO also inhibit AD1 binding (Fig. 3c) , demonstrating a direct link between the eTAFH:AD1 interaction and E protein repression. These results are in excellent agreement with the NMR-derived structure of eTAFH bound to AD1.
The above NMR and mutagenesis results suggest that eTAFH uses both hydrophobic and electrostatic interactions to distinguish target peptides. The proposed AD1-binding site of eTAFH has a largely hydrophobic central pocket composed by F99, L103, and F154 with a high peripheral concentration of positively charged residues (R91, K95, K97, R98, and, notably, R148; see Fig. 8d ). AD1 12-28 contains a highly conserved commonly used signaling motif LxxLL (where L ϭ leucine and X ϭ any amino acid; see Fig. 9a , which is published as supporting information on the PNAS web site) (22, 23) , which is predicted to form a short amphipatic ␣-helix (8, 24) . Mutation of any of these core leucines abrogates the interaction between ETO and HEB (8) and WT AD1 function (8, 24) . A number of acidic residues in proximity to the core LxxLL motif (see Fig. 9a ), including D14, E16, D19, and D22, may further contribute to specificity by interacting with positively charged residues from eTAFH. Indeed, mutation of D19 and D22 has been shown to abolish the ETO:E protein interaction (8) .
Modeling of the TAFH:AD1 12-28 Complex.
A model of the eTAFH:AD1 complex was generated by using the restraintdriven docking program HADDOCK (25) . A docking-based approach was used because exchange broadening of resonances from AD1 12-28 complexed with unlabeled eTAFH (see Fig. 9b ) prevented elucidation of the 3D structure of the eTAFH:AD1 complex by experimental means. Although it was possible to obtain backbone resonance assignments for 16 of the 17 residues in AD1 12-28 (see Fig. 9b ), poor transfer of magnetization prevented the elucidation of a 3D structure of the AD1 portion. Using a combination of CD analysis (data not shown), secondary structure prediction, and previously published structural studies of complexes involving LxxLL peptides (23), we generated a model for the AD1 peptide motif. An ensemble of structures from the lowest-energy HADDOCK cluster (see Fig. 9c ) shows a well defined complex with a consistent orientation of the AD1 Fig. 1 a and b) . The scale indicates the magnitude of the compound [ 1 H, 15 helix (Figs. 4a and 9d) . The model of the eTAFH:AD1 [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] complex shows that the core leucine residues of AD1 (L17, L20, and L21) and F23, M26, and F27 make multiple hydrophobic contacts with eTAFH. The results presented here show that eTAFH uses a peptide-binding site formed by ␣1 and ␣4 (Fig. 4   a and c) . The location of a binding interface at this position in eTAFH is a considerable divergence from the ␣1͞␣2 site used by PAH1 or PAH2 domains (Fig. 4 b and d) (15) (16) (17) 26) . However, both sites are characterized by a central hydrophobic cavity encircled by polar residues and are thus well suited for interactions with small amphiphatic ␣-helical motifs.
Discussion
Currently, E proteins are the only characterized interaction partners for eTAFH. However, because of different tissue distributions (8) , E proteins are not considered natural targets of ETO in t(8;21) cells. That this interaction occurs is a direct result of the misexpression of ETO following t(8;21). However, this does not exclude the possibility that this interaction might occur when ETO is expressed at a high level, as occurs in neuronal cells. It also is possible that there are other eTAFH-binding sequences that may participate in WT ETO function in nonhematopoietic cells or other uncharacterized t(8;21)-related systems. The structural similarity observed between eTAFH and PAH structures allows us to speculate as to the nature of such WT eTAFH targets. PAH domains interact with numerous short amphipathic peptides that closely resemble the E protein AD1 motif. Such AD1-like motifs are used prevalently in transcriptional regulation (22, 23) , particularly for interactions involving transcription factors and their coactivators or corepressors. PAH1 (17) and PAH2 (15, 16) domains can each interact with several amphiphatic motifs. This multitarget capability is also common to nuclear receptors (23) and the p300͞CREB binding protein KIX domain (27) , which also bind ␣-helical peptides containing similar motifs to AD1. Indeed the KIX domain has also been proposed to mediate the interaction between E proteins and p300͞CREB binding protein by directly targeting AD1 (12) . Both PAH2 (18) and KIX domains (28) have been shown to adopt less well folded conformations in their ligandfree states. This property of structural plasticity may facilitate the interaction with different binding partners and play a role in target selectivity. It is also noteworthy that LxxLL motif- containing peptides are frequently unstructured until interaction with a binding partner. It has been proposed that PAH domains function as folding templates for binding peptides (18) , for which a degree of conformation flexibility is a prerequisite. The chemical exchange broadening observed for resonances from amino acids in ␣1͞␣2 and ␣3͞␣4 loops suggests eTAFH also exhibits some degree of structural flexibility in its free state (see Fig. 5 ). Accordingly, eTAFH may also be capable of interacting with multiple, AD1-like, amphiphatic motifs, although further studies will be required to confirm this idea and identify these targets.
The TAFH family encompasses domains from the three ETO family members (ETO͞MTG8, MTGR1, and MTG16͞ETO-2) (3), the Drosophila protein NERVY, and human and Drosophila isoforms of the general transcription factor TAF4 (29) (see Fig.  8b ). The sequence identity between the TAFH domains in the ETO͞MTG proteins is particularly pronounced, suggesting that other MTG TAFH domains adopt an equivalent structure to eTAFH and therefore bind similar recognition sequences also at the ␣1͞␣4 interface. ETO-2 is transiently associated with the TAL-1͞SCL-based E protein-containing complex that is involved in regulating erythroid-specific gene expression (30) . In this context the E protein E2A is thought to physically recruit ETO-2 (31), whose presence in turn regulates expression of TAL-1͞SCL-activated genes. Consistent with the observation that D18A and D21A mutations within the E2A AD1 domain abolish the E2A-MTG16͞ETO-2 interaction (30), our eTAFH structure coupled with sequence conservation (see Fig. 8b ) predicts that MTG16͞ETO-2 interacts with E proteins via its eTAFH domain. Furthermore, mutation of the residues homologous to those described here would likely inhibit recruitment of MTG16͞ETO-2 to TAL1͞SCL and therefore cause disregulation of the expansion of erythroid progenitors.
Across the wider TAFH family there is more modest sequence identity (15͞85 structured residues for eTAFH; see Fig. 8b ). The hydrophobic core of eTAFH is populated by seven residues that are perfectly conserved across the entire TAFH family (Fig. 8 a  and b) . Additional conservative similarities in the hydrophobic core and the ␣3͞␣4 loop imply that all members of the TAFH family adopt a PAH-like fold resembling that described here for eTAFH. Given the extensive use of AD1-like binding motifs in transcriptional regulation and the contribution of conserved residues in AD1 binding (compare Fig. 2B ), it is also credible that all TAFH domains interact with similar AD1-like target sequences at a common interface. By extension, such a capability for the TAFH domain in TAF4 would raise the interesting possibility of direct recruitment of TFIID by AD1-like peptide motifs in DNA-bound transcription factors.
The role of ETO as a corepressor in both WT and AML-fused forms is well established (1, 3) . The interaction between E proteins and eTAFH represents an alternative mechanism for transcriptional repression by AML1-ETO compared with the classical model involving the disruption of AML1͞CBF function. Specifically, eTAFH facilitates the repression of E-box-regulated genes in an AML1-independent fashion by directly recruiting the ETO corepressor to a promoter-bound transcription factor. The role of eTAFH in this process displays an appreciable correlation to that played by PAH domains in Sin3 corepressors. These functional similarities, combined with the structure of eTAFH presented here, the fold similarity with PAH domains, and the common amphiphatic ␣-helical nature of their target sequences, suggest that eTAFH, like PAH domains, may also possess the capacity to interact with multiple target proteins. Such functionality suggests that the mechanism described for E protein silencing (8) may be representative of a general mode of repression by ETO and potentially AML1-ETO. The involvement of MTG16 and E proteins in TAL-1͞SCL regulation (31) is likely to occur by such a mechanism. Coupled with the recent observation that the eTAFH domain is retained in a naturally truncated form of AML1-ETO that promotes proliferation (32), the results detailed here present a strong argument for exploring the interaction profile of eTAFH in search of other aberrantly regulated transcriptional pathways.
Materials and Methods
Preparation of Protein Samples for NMR. Recombinant eTAFH (residues A90-S192 of human ETO, GenBank accession no. AAP88873.1) was expressed in Escherichia coli BL21 Rosetta (Novagen) from an isopropyl ␤-D-thiogalactoside-induced pGEX-4T-1 expression vector (Amersham Pharmacia Biosciences). Unlabeled or isotope-enriched (e.g., 2 H, 13 C, 15 N) protein was purified from crude lysate by using a Glutathione Sepharose resin (Amersham Pharmacia Biosciences). The desired protein was cleaved from a GST-fusion tag on the resin by using recombinant thrombin (Calbiochem). Fractions containing eTAFH were identified by using SDS͞PAGE. Undesired thrombin was removed by using benzamidine Sepharose resin (Amersham Pharmacia Biotech). eTAFH samples were subjected to further purification by size exclusion chromatography, concentrated, and dialyzed into NMR buffer [20 mM sodium phosphate, pH 6.0͞50 mM NaCl͞1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride͞1 mM PMSF͞0.25 mM NaN 3 ͞10% D 2 O]. Samples of AD1 [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] (residues G12-S28 of human HEB, GenBank accession no. AAH50556.1) were either prepared or commercially synthesized (Dalton, Toronto). Isotope-labeled AD1 samples were purified as described above for eTAFH, except that after separation from GST, AD1 12-28 samples were dialyzed against water and lyophilized. Freeze-dried AD1 [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] residue was resuspended in NMR buffer or samples of eTAFH. Protein samples were adjusted to 0.5-1 mM for the isotopelabeled component with complexes containing a 1.5-to 2-fold molar excess of unlabeled binding partner.
Acquisition and Analysis of NMR Data. Except where mentioned, NMR data were recorded at 25°C on Varian Unity-Plus 500-or 600-MHz spectrometers equipped with 5-mm triple-resonance cold probes and z-axis pulse-field gradients. Backbone resonance assignments of 2 H, 13 C, 15 N-labeled apo-eTAFH and AD1 12-28 -bound eTAFH were obtained from HNCA, HN(CO)CA, HN(CA)CB, and HN(COCA)CB experiments (33) . Side-chain aliphatic 13 C and 1 H resonance assignments of 13 C, 15 N-labeled eTAFH complexed with AD1 [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] were obtained from CCCtotal correlation spectroscopy (TOCSY)-NNH and HCCH-TOCSY-NNH experiments (33) . Aromatic side-chain 1 H resonances were obtained from HBCBCGCDHD and HBCBCGCEHE experiments (34) . All side-chain assignments were confirmed by using a simultaneously acquired 13 (36) . All data were processed by using NMRPIPE͞NMRDRAW (37) and analyzed with AZARA (www.bio.cam.ac.uk͞azara) and ANSIG (38) software packages. Data format conversion was performed with the CCPNMR package (39) . Structure Calculation. The 3D structure of eTAFH (in complex to AD1 [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] ) was calculated by CYANA (40) using standard protocols. NOE-based restraints were obtained from a combination of manual {from ( 15 N]-NOESY-HSQC data sets) and CYANAbased automatic NOE assignment (from [ 13 C͞ 15 N]-NOESY-HSQC data sets) procedures (41) . Estimation for ͞ torsion angle restraints were derived from C␣, C␤, N, and C(O) chemical shifts using TALOS (13) . Hydrogen bond constraints were generated for protected NH groups in H 2 O͞D 2 O solvent exchange
